ABSTRACT To generate acoustic waves with abnormal transmission characteristics different from those of traditional natural acoustic materials, we studied the propagation of acoustic waves in resonant phononic crystals. We identified the vibration mechanism of 2D three-component locally resonant phononic crystals. Using the finite element software COMSOL, an acoustic propagation model of a tubular structure based on acoustic metamaterials was constructed, and the local resonance characteristics of the acoustic waves and the original cells were used to simulate the propagation characteristics of the acoustic waves. We found that after low-loss wavefront propagation, most of the incident acoustic waves were absorbed by the model and reconverged with the outgoing acoustic waves on the other side of the model. Acoustic metamaterials with different layers emit acoustic waves at different locations, and thus, the propagation distance can be controlled by the design of the acoustic metamaterials. In addition, the propagation characteristics of the acoustic waves tend to be better at frequencies close to the resonance frequency. Because of the flexibility and the controllability of the acoustic metamaterials, the structure can be designed according to the actual situation to achieve the resonance frequency needed to propagate acoustic signals. This can improve the efficiency of acoustic propagation and provide new ideas for actual underwater acoustic source detection and acoustic communication.
I. INTRODUCTION
Artificial metamaterials first emerged in the field of electromagnetics. In 1960, Veselago [1] pioneered the concept of negative refractive indices, which can produce abnormal refraction if the material has a negative permeability and dielectric constant. Theoretically, negative refraction occurs when the energy flow of the incident light wave and the transmitted light wave are both on the same side of the normal. To distinguish them from normal materials, these materials are often referred to as left-handed materials [2] - [5] . Because of the reversal of the phase velocity and group velocity, these materials have an anomalous Doppler effect, an anomalous Cerenkov effect, and a negative optical pressure effect. As a kind of elastic wave, although there are many differences between acoustic waves and electromagnetic waves, there are also similarities in some respects, especially the magnetic permeability and dielectric constant in Maxwell's equations, [6] which correspond to the bulk modulus and mass density in the acoustic wave equation. Therefore, based on electromagnetic metamaterials, researchers began to explore acoustic metamaterials [7] - [11] . Acoustic metamaterials are artificial functional materials that have a negative mass density or modulus. The resonance mechanism is mainly used to achieve the negative values. In 2000, Liu et al. [12] found that the limitations of Bragg scattering could be eliminated by designing the lattice size such that the bandgap is much smaller than the acoustic wavelength; however, there are some difficulties in the actual preparation process. Faced with this problem, Yang et al. [13] inlaid objects with certain qualities in the center of an elastic film, thereby greatly reducing the difficulty of sample preparation. After many experimental tests, they found that a negative mass effect occurs at the resonance frequency. Li et al. [14] then found that the resonant system can lead to a negative elastic modulus and the negative mass effect appearing simultaneously, thereby showing conclusively that the design of the resonant cell is a key part of the design of a phononic crystal. These results have greatly enriched the applications of acoustic metamaterials [15] - [20] .
Based on a tubular structure, a local acoustic resonance model based on acoustic metamaterials is designed. The longdistance transmission of a point source with low loss is realized by using the squeezing and resonance mechanism between the acoustic wave and the medium of the model. In addition, acoustic metamaterials with different layers emit acoustic waves at different locations, so the propagation distance can be controlled by the design of the acoustic metamaterials. Because of the flexibility and controllability of the acoustic metamaterials, the structure can be designed according to the actual situation, which provides new ideas for actual underwater acoustic source detection and acoustic communication. 
II. MODEL STRUCTURE DESIGN
The tubular acoustic model comprises cells with twodimensional (2D) three-components to form a locally resonant phononic crystal. Figure 1 (a) is a 3D axial section of the model formed by a 2D lattice cell array. Figure 1 (b) shows a 3D structure of the whole acoustic model. Figure 1 (c) shows a typical 2D lattice cell model, which has a lead core embedded in epoxy resin. The outside of the lead core is covered with a rubber layer. The diameter of the lead core is 0.5 mm, and the width of the rubber layer is 0.2 mm. The tubular acoustic model of the cell array is immersed in water.
We use COMSOL Multiphysics to simulate the acoustic field characteristics of the model's 3D axial section. The parameters of the materials used in the simulation are as follows: ρ water = 1, 000kg/m 3 , c water = 1, 500m/s, ρ lead = 11, 600 kg/m 3 , c lead = 2, 160m/s, ρ epoxy resin = 1, 180kg/m 3 , c epoxy resin = 2, 680m/s, ρ rubber = 980kg/m 3 , and c rubber = 300 m/s.
III. THEORETICAL ANALYSIS OF MODEL
We use the advantage of a multilayer scattering method in finite periodic structures to analyze the propagation characteristics of the tubular structures. First, the acoustic structure can be considered as a multilayer medium. Then, the scattering matrix of the axisymmetric structure can be analyzed by the multiscattering method. After that, the scattering matrix of the multilayer medium can be deduced by the cyclic iteration relation, and the reflection and transmission characteristics can be analyzed.
If the scattering characteristics of the monolayer are described by T
, the scattering characteristics of the S layer can be correspondingly described by
Assuming that δ + and δ − are the upstream plane wave field and downstream plane wave field in the layered media, respectively, then according to the internal stratified scattering characteristics, we can obtain:
By eliminating ζ + and ζ − , an iterative formula for the transmission and reflection coefficients of the multilayer media can be obtained.
For the calculation of the transmission and reflection coefficient, the multiple scattering method can be used. To obtain the overall transmission characteristics of the axisymmetric tubular structure, it is necessary to convert the calculation results into plane wave form. When the acoustic signal enters the single-layer structure through the model, the plane wave expansion can generally be expressed as
where u in± α (r) and u in± β (r) represent the components of the longitudinal and transverse plane waves, respectively. The positive sign means incident from the top of the scattering plane to the bottom, while the negative sign means the opposite. Therefore, the total incident plane elastic wave can be expressed as
Since the tubular model is a cylindrical structure, it is necessary to consider the model in cylindrical coordinates, and the incident elastic wave can be expanded into:
Comparing the elastic wave in two different coordinate systems, we can get the following results:
The corresponding relation between the expansion coefficients in the two coordinate systems can be obtained from the above two formulas. (16) where
In this way, the incident acoustic wave in cylindrical coordinates is decomposed into plane wave form. Since the transmission of the acoustic wave in the model is mainly in the form of scattered waves, it is necessary to describe the scattered waves in the form of a plane wave superposition. For any scatterer i, the contributions from other scatterers can be written as
where k is a simplified Brillouin wave vector for a onedimensional periodic direction. For any two scatterers i and j in the periodic direction, a i nα and b j nσ can be expressed as
The external incident waves can be expressed as
The cylindrical function expansion coefficient for the scattered field can be written by the Mie scattering matrix.
The relationship between the expansion coefficient
for the external incident wave and the expansion coefficient A = {b nσ } for the scattered wave can be expressed as
where I is the identity matrix. Therefore, in the excitation of acoustic signals, the total scattered waves of any scatterer in a single layer in cylindrical coordinates can be expressed as
Comparing the expansion in the two coordinate systems, the following relations can be obtained.
where
The scattering wave superimposed with the plane wave can be obtained. 
Therefore, the relation between the expansion coefficient for the incident acoustic wave and the expansion coefficient for the scattered wave can be expressed as
The wave field from top to bottom and from bottom to top can be expressed as
When the single-layer scattering relation is determined, any multilayer scattering matrix can be obtained by cyclic iteration. If the energy flow of the longitudinal wave can be expressed as (λ + 2µ)ω(V αg V * αg )k αg , then the transmission and reflection coefficients for the whole energy flow can be obtained, respectively:
IV. RESULTS AND ANALYSIS
The tubular acoustic model of the cell array is immersed in water, and the propagation of acoustic waves generated by an incident point source is analyzed. As shown in Figure 2 (a), when the waves from an incident point source spread out and attenuate in a free plane, the amplitude of the attenuation is positively correlated with the transmission distance, so the acoustic intensity at long distances is relatively low. However, with the array model, as in Figure 2 (b), after low-loss propagation on the wavefront, most of the acoustic waves are absorbed by the model and reconverge at a focus on the other side of the model. Since the modulation of the transmitted acoustic waves by the local resonant tubular model can be regarded as a phase modulation, the incident and outgoing acoustic waves may be reversed. As shown in Figure 2 (b) -(c), different layers of metamaterials emit acoustic waves at different locations, while the outgoing acoustic phase depends on the location of the acoustic metamaterial array. When its position is an even multiple of half the wavelength, it will produce an in-phase acoustic wave, and when it is an odd multiple of half the wavelength, it will produce an inverse phase acoustic wave. To compare the incident and outgoing acoustic pressure of the tubular model, the acoustic pressure curves at the incident and outgoing points are obtained. As shown in Figure 3 , after long distance transmission, the acoustic pressure amplitude at the exit point can almost reach the incident acoustic pressure, further confirming that the tubular acoustic model has low-loss acoustic transmission characteristics. To investigate the low-loss transmission characteristics of the tubular acoustic metamaterial structures, the acoustic pressure curves at the horizontal section of the model are studied. As shown in Figure 4 , the wavefront transmission is observed. It can be seen that the incident acoustic wave will diffuse within a certain distance after passing through the model array. However, as its phase is regulated by the array structure, after crossing the A region outlined in Figure 4 , the transmission wavefront gradually returns and converges to a focus with alternating positive and negative phases, thus effectively reducing the transmission loss. After a certain transmission distance, the focus can be regarded as a secondary acoustic source. After a short diffusion distance (the B region shown in Figure 4) , the phase modulation continues into next distance segment, resulting in the focus of the next period. Therefore, ensuring the integrity of wavefront transmission is the key to achieving low loss in acoustic transmission. By comparing the acoustic pressure amplitudes of the outgoing acoustic wave I and the outgoing acoustic wave II in Figure 4 , it is found that the attenuation rate will be greatly increased without the control of the array model, which further confirms that the tubular acoustic model based on acoustic metamaterials has low-loss acoustic transmission characteristics.
To explore the relationship between the transmission characteristics and the frequency of the tubular acoustic metamaterial structures, the waveforms of the incident acoustic waves is plotted as the frequency increases from 110 kHz to 120 kHz. The positive acoustic pressure value in Figure 5 indicates that the outgoing acoustic wave is in phase with the incident acoustic wave, while the negative acoustic pressure value indicates that the outgoing acoustic wave has an inverse phase with respect to the incident acoustic wave. It is evident that the transmission characteristics of the acoustic waves vary with frequency. The acoustic pressure decreases gradually with increasing frequency from 110 kHz to 115 kHz and from 116 kHz to 120 kHz. This is because 110 kHz and 116 kHz are close to the resonance frequencies of the tubular acoustic model. The closer the frequencies are to the resonance frequencies of the tubular structure, the better the transmission characteristics of the acoustic wave. However, it is noteworthy that although the model has multiple resonance focusing frequencies, the wavelength will obviously decrease with an increase in frequency, and eventually the size of the transmission wavefront will become increasingly smaller. Because of the flexibility and controllability of the acoustic metamaterials, the structure can be designed according to the actual situation to realize the resonance frequency needed to transmit the acoustic signal, thereby improving the transmission efficiency of the acoustic wave. The tubular acoustic metamaterial structure designed in this paper has low-loss acoustic wave transmission characteristics. The key to this feature lies in the control of the wavefront at the resonance frequency, which leads to the focusing of the outgoing acoustic waves at the other side of the model. Therefore, to some extent, the acoustic transmission characteristics can be regarded as the movement of the point source. As shown in Figure 6 (a), a vertical section of the tubular model is selected, and its acoustic pressure distribution is shown in Figure 6 (b). It is evident that the acoustic pressure at the center of the tube structure is the highest and the acoustic pressure in the outer ring decreases gradually due to the focusing effect. It is further illustrated that the tubular acoustic metamaterial structure designed in this paper has good acoustic control characteristics, effectively reduces the diffusion attenuation of acoustic waves, greatly improves the transmission efficiency, and provides new ideas for actual underwater acoustic source detection and acoustic communication. In many engineering applications, the transmission path of the acoustic wave needs to be curved. Considering the variability of the environments in engineering applications, L-shaped, S-shaped and M-shaped bending tubular structures are also designed. The results are shown in Figure 7 (a) -(c). At the local resonance frequency of 116 kHz, the incident acoustic wave is transmitted nondestructively in bending, with control based on the choice of model. The flexibility and feasibility of the tubular structures, which is based on local resonant acoustic metamaterials, are further confirmed.
V. CONCLUSIONS
In this paper, finite element modeling in COMSOL was used to study the propagation characteristics of acoustic waves in a two-dimensional three-component locally resonant tubular acoustic metamaterial model. It was found that after low-loss propagation of the wavefront, most of the incident acoustic waves were absorbed by the model and reconverged at the exit on the other side of the model. Therefore, the transmission distance can be controlled through the design of the acoustic metamaterial layers. In addition, better transmission characteristics of the acoustic waves were observed when the frequency was closer to the resonance frequency. Because of the flexibility and controllability of the acoustic metamaterials, the structure can be designed according to the actual situation to achieve the resonance frequency needed to transmit acoustic signals, thereby improving the efficiency of acoustic transmission and providing new ideas for actual underwater acoustic source detection and acoustic communication.
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